The ultra-relativistic heavy-ion programs at the Relativistic Heavy Ion Collider and the Large Hadron Collider have evolved into a phase of quantitative studies of Quantum Chromodynamics at very high temperatures. The charm and bottom hadron production offer unique insights into the remarkable transport properties and the microscopic structure of the Quark-Gluon Plasma (QGP) created in these collisions. Heavy quarks, due to their large masses, undergo Brownian motion at low momentum, provide a window on hadronization mechanisms at intermediate momenta, and are expected to merge into a radiative-energy loss regime at high momentum. We review recent experimental and theoretical achievements on measuring a variety of heavy-flavor observables, characterizing the different regimes in momentum, extracting pertinent transport coefficients and deducing implications for the "inner workings" of the QGP medium.
Introduction
The relativistic heavy-ion program aims at studying Quantum Chromo-Dynamics (QCD) at finite temperature (T ) and baryon density (ρB). Numerical computations of the QCD partition function on a discretized space-time lattice, referred to as lattice-QCD (lQCD), show that at high temperature and vanishing baryon chemical potential (µB) a transition occurs from hadronic matter, where quarks and gluons are confined and the chiral symmetry of the QCD Lagrangian is spontaneously broken, to a deconfined and chirally symmetric Quark-Gluon Plasma (QGP). For a realistic set-up with two light-and one strange-quark flavor, the pseudo-critical transition temperature associated with the restoration of chiral symmetry is by now rather well established at around Tpc=155-160 MeV (1, 2, 3, 4) . Over the past two decades, experimental results from the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory and the Large Hadron Collider (LHC) at CERN have collected remarkable evidence of the formation of the QGP and its properties, see, e.g., recent reviews in Refs. (5, 6, 7) .
Tpc: pseudo-critical temperature for QGP formation, defined, e.g., as the inflection point of the chiral quark-antiquark condensate.
Based on the asymptotic freedom of QCD, i.e., the decrease of the strong coupling constant, αs(Q 2 ), with momentum transfer (Q 2 ), one anticipates the QGP to be a weakly coupled plasma at high temperature where deconfined quarks and gluons can travel rather freely over large distances. However, observations from ultra-relativistic heavy-ion collisions (URHICs) conducted at RHIC and the LHC demonstrated that the bulk medium created in these reactions is strongly coupled and highly opaque. On the one hand, viscous hydrodynamic models can give a good description of the transverse-momentum (pT , with respect to the ion beam axis) spectra of light hadrons (π, K, p) and their distribution in azimuthal angle for low pT < ∼ 2-3 GeV/c. This indicates a rapid local thermalization of the initially produced medium with a subsequent development of collective flow driven by the pressure gradients in the system, requiring a very small specific viscosity, i.e., ratio of shear viscosity over entropy density, η/s. Quantitative fits to the light-hadron pT spectra and their azimuthal distributions have extracted η/s values of around 0.1-0.3 (8, 9) , close to the conjectured quantum lower bound of 1/4π (10) , but its temperature dependence remains under debate (11) . On the other hand, the observed suppression of high-pT hadron production in nucleus-nucleus (A+A) relative to proton-proton (p+p) collisions has been successfully described by the energy loss of partons traversing the QGP using perturbative-QCD (pQCD) calculations; estimates of the associated jet transport parameter,q = ∆p 2 T /λ, characterizing the average transverse-momentum broadening per unit path length of the parton, yieldq/T 3 3-6 (12) at a parton energy scale of 10 GeV. The reconciliation of the such extracted strongly and weakly coupled features of QCD matter at large and small wavelengths, respectively, to robustly characterize the transition from one regime to the other, and unraveling the underlying microscopic mechanisms, have become central objectives of the relativistic heavy-ion collision program, in a concerted effort of experiment and theory.
For light-and strange-flavor hadrons, it is rather challenging to develop and apply transport approaches that describe their production over the full kinematic pT region (13, 14, 15) . The small masses of light partons facilitate conversions among them, and their strong coupling at small momentum transfers suggests that the quasi-particle approximation inherent to the semi-classical Boltzmann equation is no longer valid. For example, a thermalization time of τ0=1 fm/c (assumed to be even smaller in most hydrodynamic models) implies a scattering rate of ∼3/fm, translating into a collisional width of 600 MeV, quite comparable to the typical thermal masses of partons in the QGP. Furthermore, once they thermalize (as the low-pT light-hadron spectra suggest), the memory of the thermalization process is lost.
Heavy quarks are considered "heavy" for two reasons: first, in the particle physics context, their mass is larger than the typical nonperturbative scale of QCD, mQ ΛQCD, which enables the evaluation of their production cross sections within pQCD (16) . Second, in the context of QCD matter formed in URHICs, their mass is larger than the typical temperature reached in the ambient medium, mQ TQGP; this implies that heavy-quark (HQ) production is essentially restricted to the initial hard scatterings (with a rather short formation time of ∼ 1/2mQ ∼ 0.1 fm/c), and their thermalization time becomes comparable to (or even larger than) the fireball lifetime (17, 18) . Therefore, heavy-flavor (HF) observables offer unique and comprehensive insights into the nature of the QGP medium and its hadronization, as further detailed below.
A key feature of HF probes in URHICs is their comprehensive coverage in transverse momentum, enabling systematic investigations of how the prevalent processes vary in different regions of pT . At low pT , the large mass of heavy quarks enables to treat their propagation in the QGP as "Brownian motion", with relatively small momentum transfers, of the order of the temperature, q 2 ∼ T 2 (17, 18) . Since energy transfer is parametrically suppressed by T /mQ, elastic interactions dominate; the HQ motion can be reliably described by a stochastic Langevin process characterized by a (long-wavelength) transport parameter -the HQ spatial diffusion coefficient, Ds(See Chapter 2 for the definition). It has been predicted that charm quarks, despite their much larger mass compared to light quarks, can acquire significant collective radial and anisotropic flow when diffusion through the QGP (19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31) . Experimentally, this was first found in pioneering measurements of semi-leptonic electron decay spectra at the Relativistic Heavy Ion Collider (RHIC) (32, 33, 34) , and later confirmed and quantified at both RHIC and the Large Hadron Collider (LHC). In combination with the factor ∼3 heavier bottom quarks, low-pT HF diffusion therefore provides an excellent window on QCD matter in the nonperturbative regime and in this way enables insights into the "inner workings" of its near-ideal liquid properties. In particular, the dimensionless scaled HF diffusion coefficient, 2πT Ds, is believed to carry universal information about the QGP transport properties, similar to η/s or the electromagnetic conductivity, σEM/T .
Ds: spatial heavy-flavor diffusion coefficient, to be distinguished from the notation for charm-strange mesons, Ds.
At sufficiently high pT , the mass effect ceases and HF observables should degenerate with those for light flavors. With decreasing pT , however, a "dead-cone" is expected to open up, i.e., a suppression of small-angle gluon radiation (35) , suggesting an energy loss hierarchy of the type ∆E b < ∆Ec < ∆Eq < ∆Eg, leading to less suppression of HF hadrons (and their decay products) compared to light-flavor hadrons (36, 37) . The first measurements of HF decay electrons showed, however, that their RAA is comparable to that of light flavor hadrons out to pT 's of near 10 GeV/c (32, 33, 34) (note that the decay electrons typically carry less pT than the parent hadron). This indicated the important role of elastic energy loss in the QGP medium, which is not easily discernible using light-flavor probes. However, the expected energy loss hierarchy is likely affected by differences in initial parton spectra and hadronization processes (38) , and will cease at high pT . Open HF probes offer a unique opportunity to systematically investigate the interplay of radiative and collisional energy loss mechanisms over a broad momentum region and identify the transition between the two.
Rapidity: y ≡ 0.5 ln((E + pz)/(E − pz)), characterizes the longitudinal velocity distribution of particles of energy E and momentum component pz.
To quantify the modifications hadron spectra in A+A relative to p+p collisions, two observables are widely used. The first one is the nuclear modification factor,
which is primarily used for particles which are produced at high momentum transfer in the primordial nucleon-nucleon collisions (such as high-pT hadrons and heavy quarks). The production of these particles in A+A collisions is expected to scale with the number of primordial binary nucleon-nucleon collisions, N coll (usually expressed as the product of the nuclear thickness function TAA, which characterizes the overlap density of nucleon-nucleon collisions in the incoming nuclei at given impact parameter, and the total inelastic cross section in p+p collisions, N coll = TAAσ inel pp ). Thus, in the absence of any medium effects, the RAA will be one, while energy energy loss phenomena as described above will lead to a suppression below one. The second class of common observables are anisotropic "flow" parameters, vn, defined as Fourier coefficients of the azimuthal-angle distributions of finalstate hadron spectra with respect to the "event plane" of a given collision,
The event plane is defined as the plane transverse to the direction of the incoming ion beams (usually defined as z-axis). It is azimuthally oriented in such a way that the impact parameter of the colliding nuclei is aligned with the event plane angle, ΨEP (i.e., for ΨEP=0, φ is simply the angle of a hadron's momentum relative to the positive x-axis). The n-th harmonic flow coefficient, vn, is then given by vn = cos(n(φ−ΨEP)) . Various experimental techniques are being applied to extract the vn, e.g., by a direct event plane reconstruction or via scalar-product methods which avoid possible biases in the determination of the event plane. The most important (and largest) harmonic is the "elliptic flow" coefficient, v2. For a non-central A+A collision, which is characterized by an "almond-shaped" spatial overlap region (with the short axis in x-direction), two basic sources of elliptic flow can be distinguished. The first one is related to pressure-gradients in a quickly thermalizing medium, which are larger along the short axis and thus generate a larger flow in the collective fireball expansion; this effect, generally leading to a positive v2, will be prevalent at low pT , in the bulk production of light hadrons, and has been a pivotal observable in extracting the medium's viscosities. The other one is related to path length differences experienced by highpT particles traversing the medium; the shorter path length in x-direction generally leads to less suppression than for paths along the y-direction, thus also generating a positive v2; highpT v2 is therefore a complementary observable in characterizing energy loss mechanisms, in particular their non-trivial path length dependence caused, e.g., by interference effects in gluon radiation. The present review focuses on open HF hadrons, i.e., mesons and baryons that carry one charm or bottom quark or anti-quark. More than 95% of the produced heavy quarks in heavy-ion collisions at RHIC and the LHC hadronize into these hadrons. The remaining fraction goes into either quarkonium states (QQ) or multiple-HF hadrons (e.g., Ξcc baryons or Bc mesons) in which the in-medium interactions between two heavy quarks can be probed to provide complementary information on the QGP medium; this sector will not be explicitly covered in this review. The discussion in the present article is organized into HQ diffusion in the low-momentum regime (Sec. 2) with emphasis on elliptic flow as a key gauge of the pertinent transport coefficient, HQ hadronization (Sec. 3) highlighting the role of different species of charm and bottom hadrons, energy loss at high momentum (Sec. 4) addressing questions of the transition from collisional to radiative mechanisms and evidence of a mass hierarchy, implications of the HF results for the structure and hadronization of the QGP (Sec. 5), and the role of heavy flavor in small collision systems (Sec. 6). The conclusions (Sec. 7) consist of a compact set of summary points and future issues.
Heavy-quark production in p+p collisions
Measurements of open HF hadron production in proton-proton (p+p) collisions aim at testing perturbative-QCD (pQCD) (16) and effective-field theory approaches (39) , and are crucial for establishing a baseline reference for measurements in heavy-ion collisions (recall Eq. (1)). Inclusive charm-and bottom-hadron production cross sections measured at RHIC and the LHC are now providing robust benchmarks to assess cold-and hot-QCD matter effects in p/d+A and A+A collisions. Comparisons to Fixed-Order-Next-toLeading-Logarithm (FONLL) pQCD calculations show that nearly all experimental data for both charmand bottom-hadrons are at the upper end of the theoretical uncertainty bands, where the latter shrink appreciably at high pT (40, 41, 42, 43, 44, 45, 46) . At leading order in the QCD coupling constant, the pair creation of heavy quarks essentially produces them back-to-back in pT . Experimentally, substantial deviations from this scenario are observed, which renders angular correlations between HF particles a sensitive probe of higher-order production mechanisms, such as gluon radiation or gluon splitting into a QQ pair (37) . Future precision data on angular distributions are important to constrain the various contributions, thereby providing critical input to accurately evaluate and interpret hot-medium effects for HF measurements in A+A collisions.
Heavy-quark diffusion in QCD matter
The large masses of heavy quarks delay their thermalization in a QCD medium relative to light constituents, parameterically by a factor of mQ/T . This delay renders the HQ thermalization time comparable to the fireball lifetime in URHICs, and therefore the modifications of HQ spectra carry sensitive information on their coupling strength to the expanding medium. Furthermore, since the HQ mass is large compared to typical temperatures, the propagation of low-momentum heavy quarks through the medium bears close analogy to "Brownian motion", characterized by (many) elastic collisions with the medium of comparatively small momentum transfer. The pertinent transport framework is that of the Fokker-Planck equation for the HQ distribution function, fQ, schematically written as
The fundamental medium properties are encoded in temperature-and momentumdependent transport coefficients A and B, representing the thermal relaxation rate and momentum-diffusion of the heavy quark, respectively. The pertinent spatial diffusion coefficient,
characterizes the long-wavelength limit of HF transport, and as such is similar in nature to the electric conductivity or shear viscosity (characterizing electric charge and energymomentum transport, respectively). The basic observables to analyze HQ diffusion in URHICs, as introduced in Eqs.
(1) and (2) , are the nuclear modification factor, RAA, and elliptic flow, v2 of charm and bottom hadrons and their decay products (such as semi-leptonic decay electrons or muons). Due to the relatively small momentum transfers, q 2 ∼ T 2 p 2 Q ∼ mQT , imparted on a heavy quark, many collisions with the medium constituents are necessary to pick up the collectivity of the expanding fireball (this is quite different from energy loss at high momentum where often only one interaction per event occurs). The tell-tale signatures are: (a) a characteristic "flow bump" in the RAA, at a transverse momentum reflecting the typical expansion velocity of the medium, pT ∼ mQγ ⊥ v ⊥ (which in practice is modified by thermal motion, incomplete thermalization and the denominator in the RAA), and (b) a large v2 which provides the possibly most direct gauge of the interaction strength (until reaching the values of the thermal limit). Note that for flow velocities of, say, v ⊥ = 0.6c, a D-meson at rest in the local rest frame carries a lab momentum of ∼1.5 GeV/c, illustrating that low-momentum D-meson observables directly probe the charm diffusion coefficient.
In the remainder of this section, we compile and discuss recent D-meson RAA and v2 data (Sec. 2.1), followed by a brief discussion of the theoretical implications for the extraction of the HF diffusion coefficient (Sec. 2.2). close agreement, within current uncertainties, is also found for the RAA data, both between ALICE and CMS as well as between LHC and RHIC data. This is not trivial given the differences caused by the factor of ∼25 difference in collision energy: e.g., the primordial pT spectra of heavy quarks in p+p collisions are much steeper at RHIC than at the LHC, and the initial medium temperature is expected to be significantly higher at the LHC. Future data to be taken with the upgraded ALICE detector and high-statistics CMS capabilities beyond LHC run-2 (64), and with the sPHENIX detector beyond 2022 (65), will greatly improve the data precision especially below pT 5 GeV/c, which will allow to shed more light on the apparent agreements at the different energies.
Collective flow of D-mesons
The pronounced peak in the v2 at low pT , together with the corresponding maximum structure observed in the low-pT RAA, provides clear evidence for an appreciable collectivity of D-mesons in URHICs. This conclusion is further corroborated in that the magnitude of the D-meson v2 goes hand-in-hand with the one observed in the bulk medium (i.e., in the light-flavor sector) when varying, e.g., the collision centrality or system size. Most of the theoretical calculations shown in the right panels of Figs. 1 and 2 are consistent with these features, although they differ in detail. For example, the height of the flow bump in the RAA directly depends on the amount of nuclear shadowing that is included in the charm production cross section, as is specifically illustrated in calculations by the TAMU (66) (dashed orange curves, including a shadowing range of 64-76% and a coalescence uncertainty) and PHSD groups (56) (dashed vs. solid dark-blue curves representing no or EPS09 shadowing (67), respectively); it also depends on the hadro-chemistry of charm-hadron production at the confinement transition, e.g., through enhanced D + s /D and Λ + c /D ratios relative to p+p collisions. To utilize the location of the flow bump as measure of the radial flow picked up by the charm quarks and hadrons, an improved control over the bulk evolution models and the hadronization mechanisms will be necessary (68) . The magnitude of the v2 is therefore a more direct measure of the low-momentum coupling strength, approaching the equilibrium limit from below. Its implications on the HF diffusion coefficient will be discussed in the next section. Another noteworthy feature of the v2 data, also reflected in most theoretical calculations, is its rather pronounced peak at relatively low pT , followed by a drop-off at intermediate pT 5-10 GeV/c and a leveling off around 5% for pT > ∼ 10 GeV/c. Similarly, one can identify three corresponding regions in the RAA: a maximum structure at low pT , bottoming out near 10 GeV/c and then slowly rising thereafter. These structures suggest a strong-coupling regime with many rescatterings leading to large collectivity for pT < ∼ 5 GeV/c, a kinetic transition regime with few scatterings for 5 GeV/c < ∼ pT < ∼ 10 GeV/c, and an energy loss regime with radiative interactions for pT > ∼ 10 GeV/c where path length differences generate a relatively small azimuthal asymmetry.
Implications for the heavy-quark diffusion coefficient
A recent compilation of calculations of the dimensionless scaled HF diffusion coefficient, 2πT Ds, as a function of the reduced temperature T /Tpc is shown in Fig. 3 (69) . The overlap with the calculations shown for the RAA and v2 in the right panels consists of the PHSD model (a microscopic transport model using elastic HQ interactions in both QGP and hadronic phase), the Nantes model (MC@sHQ using an ideal-hydro evolution (EPOS-2) with both elastic and radiative interactions in a pQCD framework with running coupling and reduced Debye mass), and the TAMU model (non-perturbative elastic Tmatrix interactions based on the internal-energy potential in an ideal-hydro evolution). The following observations may be made. The TAMU model, with 2πT Ds increasing from 3-4 at Tpc to 8-10 at 2 Tpc (74), does not generate enough v2, implying an upper limit of the transport coefficient. The Ds used in the PHSD approach (28) is slightly lower, but an up to 30% larger v2 is generated. Part of this increase is presumably due to larger effects in the hadronic phase, and possibly due to differences in the bulk evolution (which are (74) (light-and dark-green bands), MC@sHQ perturbative approach with running coupling (37) (dark-grey band), and AdS/CFT-based calculations (57) (light-grey band). The yellow band shows a Bayesian analysis fit result (90% C.R.) using the Duke hydro/transport model (75) . Also shown are the results for D-meson diffusion below Tpc using effective hadronic interactions (76, 77) (blue-and red-dashed lines, respectively). more difficult to discern). The Nantes approach requires a significantly smaller Ds than PHSD and TAMU. This is in large part due to the inclusion of radiative interactions, which are less effective in generating elliptic flow, since the collectivity of the incoming medium particle gets distributed over a 3-particle final state. This feature is also seen in the pQCDbased BAMPS parton cascade (58) , where an elastic-only scenario (with retuned coupling constant) generates a much larger D-meson elliptic flow than the combined elastic+radiative one. An interesting recent finding reported in Ref. (78) is that when switching from an idealhydro evolution (in EPOS-2) to a viscous one (in EPOS-3), larger Ds values are extracted (of up to 20-30%), presumably due to the delay in cooling caused by a local reheating of the expanding medium. This would, e.g., allow to improve the TAMU calculations of the v2 which currently underestimate the data. Quasiparticle models (QPMs), as used, e.g., by the Catania group (73) , also suggest 2πT Ds values with a minimum of around 4 near Tpc, gradually rising thereafter. On the other hand, a Bayesian analysis performed by the Duke group (75) with a functional ansatz for temperature and momentum dependences of the transport parameters, extracts lower values near 2, also rising with T , while the AdS/CFT approach is, by construction, T -independent. Current lQCD data are restricted to computations in quenched approximation, i.e., without dynamical quark loops; they are generally consistent with model calculations that yield a good phenomenology.
In summary, current phenomenology suggests a HQ diffusion coefficient in a range of 2πT Ds = 2-4 near Tpc, consistent with previous estimates (68, 79) . Leading-order perturbative results (17, 80) are ruled out, and even non-perturbative calculations with a potential close to the HQ free energy extracted from lQCD, are not viable. Most of the calculations show an increasing trend with temperature, but such a trend has not been firmly established from data yet. However, it has been argued (73, 81) that the correlation between the v2 and RAA indeed prefers an increasing coupling strength as the temperature decreases toward Tpc, essentially to generate a large v2 (which is most effective in the later stages when most of the bulk medium v2 has built up) while not over-suppressing the RAA (which mostly occurs in the early densest phases of the fireball); recent Bayesian data analysis (75) also find such a trend. These arguments, however, require a good control over the pT dependence of the transport coefficients. General arguments of a decreasing coupling strength with increasing temperature (due to a reduced screening length) and momentum (due to asymptotic freedom) are in line with the behavior of most model calculations.
Heavy-quark hadronization
The hadronization of quarks and gluons into color-neutral hadrons as observed in experiments is a fundamental process in QCD which, due to its nonperturbative nature, remains a challenging problem to date. Various models and parameterizations of hadronization processes have been developed in phenomenological studies of particle production in elementary collisions. For high-pT partons, fragmentation functions in connection with collinearlyfactorized production processes have been successfully applied to describe a wide range of measured hadron spectra. These functions depend on the flavor of the primordial parton but are usually assumed to be universal and as such can be constrained using the e + +e − or e − +p collision data and tested in hadronic collisions. As the pT is lowered, non-universal effects appear. Flavor asymmetries in forward-rapidity production of strange-and charmmeson production in π+p, p+p, π+A and p+A collisions have been observed and attributed to coalescence processes with comoving valence quarks, see, e.g., Ref. (82) . Color reconnection schemes (83) have been implemented into event generators to supplement fragmentation processes. Alternative to the microscopic description for low-pT hadron production, statistical models have been put forward; they produce fair fits to light-and strange-flavor hadron production in elementary collisions with a common hadronization "temperature" of TH 160 MeV (84), with some caveats (such as extra suppression factors or correlation volumes) (85, 86) . In heavy-ion collisions novel features in the production systematics of hadrons have emerged. As mentioned above, the low-pT spectra (pT < ∼ 2-3 GeV/c) are well described by a locally thermalized fireball whose hadro-chemistry is frozen near the phase transition temperature, Tpc, whereas kinetic freezeout (where elastic rescattering ceases) occurs at a lower temperature of about T fo 100 MeV, with a large collective-flow velocity of up to ∼ 0.9 c near the surface. In the intermediate-pT region (∼3-6 GeV/c) a marked baryon-tomeson enhancement, relative to p+p collisions, has been observed. In principle, this could be a remnant of collective-flow effects (although with incomplete thermalization), pushing heavier particles further out in pT than light ones. Alternatively, quark coalescence models, where hadrons are formed via recombination of nearby constituent quarks at the phase boundary (with a smaller collective flow than at kinetic freezeout), have been proposed and successfully applied to reproduce the p/π and Λ/KS ratios in this pT region (87, 88) . The coalescence models can simultaneously reproduce the so-called constituent-quark number scaling (CQNS) of the elliptic flow, which deviates from the hydrodynamic behavior at intermediate pT . Interestingly, CQNS works better at RHIC than at the LHC, possibly due to stronger rescattering effects in the hadronic phase at higher collision energies.
Since heavy quarks are predominantly produced in initial hard scatterings, they can serve as a tag in the hadronization process and illuminate underlying mechanisms as outlined above. In addition, their incomplete thermalization extends the sensitivity to different hadronization mechanisms down to low pT , in a spirit similar to the intermediate-pT regime for light hadrons. Thus, HF hadro-chemistry is a unique tool to probe the fundamental issue of hadronization. For example, coalescence models have predicted the ratio of strangeness carrying Ds-mesons over non-strange D-mesons to be enhanced in A+A relative to p+p collisions, as a consequence of the enhanced strangeness production in the former (89, 90) . In analogy to the light sector (91, 92) , they furthermore predict an enhancement in the charm-baryon-to-meson ratio, e.g., Λc/D 0 (93) . The statistical hadronization model (94), based on thermal production ratios at fixed charm number, makes qualitatively similar predictions, albeit quantitatively different. As will be discussed further below in Sec. 5, these two approaches are not necessarily exclusive of each other. Similar considerations apply in the bottom sector.
In the following, we discuss the current experimental status and possible interpretations in the production of strangeness-carrying charm and bottom mesons (Sec. 3.1), as well as HF baryons (Sec. 3.2).
Strange heavy-flavor mesons
The ground state charm-strange meson, D 
Heavy-flavor baryons
The Λ + c (2286) is the lowest-mass charm baryon. Its largest hadronic decay branching of ∼6.3% is into the pK − π + final state. Together with a short lifetime of cτ ∼ 60µm, the hadronic-decay reconstruction with three daughters makes it very challenging to measure in heavy-ion collisions. Recent high-luminosity runs together with precision silicon detectors allowed to perform first measurements in different collision systems. The lower panel of nificant enhancement of a factor of 2 or more over the p+p measurements. The STAR data suggest that the enhancement further increases toward lower pT , while the ratio may trend toward the p+p values at high pT . Model calculations using charm-quark coalescence can reach a qualitative agreement with the data (31, 93, 102, 103) . The calculations invoke non-trivial wavefunction effects, such as diquark sub-structures, to produce a good part of the enhancement. Since this, in principle, implies different wavefunction parameters for different hadrons, the pertinent theoretical uncertainties are rather large. Also here, broader and more precise data will go a long way toward constraining the models, probing their approximations and/or offer new insights. The large Λc/D 0 and Ds/D 0 ratios observed in experiment indicate that charm baryons and charm-strange mesons give sizable contributions to the total charm cross section. Complementary to that, the STAR measurement of the pT -integrated RAA for D 0 mesons gives only about 0.5 in central Au+Au collisions, i.e., the D 0 yield amounts to only 50% of the expectation from the N bin scaled cross section in p+p collisions. One reason for such a suppression could be the reduction of the total charm cross section due to nuclear shadowing of the parton distribution functions in the incoming nuclei. However, at RHIC energies, this is not expected to be a large effect. On the other hand, the STAR collaboration found that, based on their measurements of all major charm-hadron ground states with suitable extrapolations to low pT , the enhancement in Ds and especially Λc production in Au+Au collisions leads to a total charm cross section which is compatible with N bin scaling from p+p collisions. However, the study is currently conducted in a wide centrality bin, and the dominant uncertainty in heavy-ion collisions arises from a limited pT coverage in the Λc measurement. Future more precise measurements of charm baryons and charm-strange mesons are expected to much better quantify the total charm cross section at mid-rapidity, which also has important consequences, e.g., for the regeneration yield of charmonia (104).
Heavy-quark energy loss in QGP
When hard-scattered partons, produced in collisions of heavy nuclei at high energy, pass through the subsequently formed QGP, they lose energy inside the medium (105) . This parton energy loss, often referred to as "jet-quenching", was first discovered at RHIC via a suppression of the RAA (as defined in Eq. (1) of light hadrons at high pT (106, 107, 108, 109) , and confirmed at the LHC (110, 111, 112) . These measurements enabled a first estimate of the jet transport coefficient (or scattering power),q, of the QGP (12) . Theoretical studies (35, 113, 114, 115) have suggested the flavor dependence of jet-quenching as a fruitful testing ground for mechanisms underlying parton energy loss models. On the one hand, gluons have a larger color charge than quarks and are therefore expected to lose more energy when passing through the QGP. On the other hand, compared to light quarks, the scattering kinematics of heavy quarks implies that they are less likely to radiate off energy when passing through the medium, which in particular, manifests itself as a suppression of gluons emitted at angles smaller than the ratio of the quark mass to its energy, Θ < ∼ mQ/E (35). This "dead cone" effect (and its disappearance at high pT ) can be studied by comparing the suppression patterns of HF hadrons relative to light-flavor ones in heavy-ion collisions.
In the language of pQCD, there are two energy loss mechanisms: (1) collisional energy loss through elastic scatterings of the high-momentum heavy quarks off generally lowmomentum medium particles; (2) energy loss via the radiation of gluons triggered by the acceleration due to the color forces between heavy quarks and the medium particles. The radiative energy loss in QCD is similar to the electromagnetic radiation off an accelerated charge, but with the essential difference that the radiated gluon itself can rescatter off the medium. The comparison of the magnitude of the heavy-and light-flavor energy loss could in particular illuminate the relative partition of the collisional and radiative contributions to the energy loss of partons when varying the pT of the parent partons.
Heavy-quark energy loss mechanism
Since heavy quarks are not directly accessible experimentally, nuclear modification factors of HF mesons, non-prompt J/ψ (from b-quark decays) and HF decay leptons have been measured at RHIC and the LHC over a wide pT range in order to reveal the effects of their energy loss in the medium. In this section we focus on the high-pT part in the compilation of the current status of experimental data and theoretical calculations for D mesons shown in Fig. 2 .
The effect of energy loss of high-momentum heavy quarks plowing through the QGP will cause the HQ momentum spectra to "shift" toward smaller values and thus lower the RAA. At intermediate pT 5-10 GeV/c, one presumably goes through a transition region, from low-pT "Brownian motion" (where the near-thermalized c-quarks accumulate, cf. Sec. 2.1) to effects of energy loss prevalent at high pT . In the intermediate-pT interval, the experimental data are of high accuracy and agree well between ALICE and CMS. Although the central values of the STAR data are above the LHC data, they are still compatible within their uncertainties. The RAA data exhibit a rather pronounced drop and reach a minimum around 5-8 GeV/c, which is reproduced by most model calculations shown in the right panel of Fig. 2 . In analogy to the energy loss of charged particles in an electromagnetic medium through photon radiation, one expects gluon radiation to become the dominant mechanism for high-momentum partons in the QGP. Beyond the basic features in the HFmeson pT spectra one has to rely on data-to-model comparisons to extract more quantitative information. For instance, in the BAMPS calculations (a pQCD-based parton transport model with 3-body interactions) the results for the RAA with and without radiative energy loss (where the latter has been retuned with a K factor to reproduce the v2 in the lighthadron sector) show a rather pronounced difference in the intermediate-pT region, with the former (latter) at the upper (lower) end of the data. In the TAMU calculation, which includes only elastic energy loss (without K factor), a significant deviation from the data sets in for pT > ∼ 5 GeV/c, suggesting the onset of radiative contributions in this regime. On the other hand, the PHSD transport calculations, which also use only elastic interactions, give a good description of the high-pT RAA, with appreciable contributions from hadronic rescattering.
At high pT > 10 GeV/c, radiative energy loss is expected to be the dominant interaction. The experimental RAA values start rising, and continue to do so up to the highest pT measured, reaching ∼ 0.7 at 100 GeV/c in the CMS data. Perturbative-QCD model calculations (Soft Collinear Effective Theory (SCETG) (62), Djordjevic et al. (51) and Linear Boltzmann Transport (LBT) (55) ) are consistent with the magnitude and the rise of the high-pT RAA data, mostly as a result of an interplay with the flattening HQ pT spectral slope at production (i.e., in the denominator of the RAA), and due to a reduced coupling at high pT . However, some of the ingredients in these models, e.g., the bulk medium evolution or the value of the strong coupling constant, differ considerably (68, 116) . The agreement with pQCD calculations reiterates the challenge of understanding the transition into the low-pT regime which is dominated by non-perturbative interactions, also calls for a detailed assessment of their differing ingredients.
Mass hierarchy of energy loss
As pointed out in Sec. 1, measurements of HQ energy loss serve as important tests on jet quenching models due to the expected mass hierarchy in gluon radiation, which, at a given pT , is expected to be suppressed with increasing parton mass. The standard procedure is to compare the RAA's of charm and bottom mesons (or their decay products, such as leptons or non-prompt J/ψ's), and to light hadrons.
Such a comparison is compiled in Fig. 5 for the RAA's measured at the LHC (left panel) for charged particles (h ± ) (117) made with non-prompt J/ψ's, corroborating the evidence for a flavor hierarchy. Indications for a similar hierarchy are observed at RHIC from HF decay electrons reported by STAR and PHENIX, although experimental uncertainties are still rather large. At very high pT , when the energy-to-mass ratio (Lorentz-γ factor) becomes large, one expects the mass effects to cease and the bottom, charm and light-flavor RAA's to degenerate (with the caveat of gluon fragmentation contributions due to their different color charge). The CMS data are consistent with such a scenario, with a charm-light degeneracy in the RAA's for pT > ∼ 10 GeV/c, and a further degeneracy with bottom for pT > ∼ 25 GeV/c or so. If confirmed with higher-precision data, this would support the dominance of radiative energy loss for charm and bottom quarks beyond the minimum in their RAA, as well as the factor ∼3 difference in the onset of the degeneracy expected from the bottom-to-charm mass ratio, i.e., at essentially the same γ factor.
While the quark mass hierarchy observed in the pertinent RAA measurement at intermediate pT is very suggestive, quantitative conclusions about the nature of the energy loss as a function of parton flavor require careful comparisons between data and model calculations. For example, the primordial spectral pT slopes of charm and bottom can be quite different, and the partition of elastic and radiative interactions in the transition regime leading up to the minimum of the RAA's can be quite different, too (and, in fact, also at high pT ). For instance, in the Djordjevic model, the heavy-and light-flavor data are consistently described if the mass effects are included in the calculations, even though the coherence effects in gluon emission, which generate a nontrivial path length dependence, are found to degenerate only near pT 100 GeV/c (123) . The size of other effects, related to HF meson decays (non-prompt J/ψ, D 0 and semileptonic decays), nuclear parton distribution functions or HQ hadronization are still elusive at this point. For the latter two, in the case of heavy quarks, one might hope that they approximately scale with their mass ratio (for the same Bjorken-x in their production, or the same velocity (γ factor) relative to the medium which determines their coalescence probability). Experiments at the LHC have also attempted to measure b-and c-tagged jet RAA's (124, 125) . Limited by the experimental accuracy, the interpretation of the physics underlying these measurements is not yet clear. Future high-statistics data analyses with upgraded detectors beyond Run-2 at the LHC (64) and with sPHENIX at RHIC (65) are expected to greatly improve the data accuracy. 
Heavy-flavor triggered correlations
As an additional discrimination power of elastic vs. radiative interactions of heavy quarks, beyond the RAA and v2 , angular correlation measurements between two heavy quarks have been proposed (126, 127, 128, 129) . This type of correlation is different from HF elliptic flow measurements, which are correlations between heavy-and light-flavor mesons. The idea is to test different deflection patterns, such as multiple low-momentum transfer elastic scatterings vs. few relatively large-momentum transfer interactions (radiative energy loss). Furthermore, high-momentum probes (of various flavors) can serve as projectiles in QGP scattering experiments which aim at resolving its short-distance structure. By analyzing the outgoing particles from those experiments, including both medium particles and possibly the attenuated projectiles, one hopes to gain insights about the QGP at varying wavelength (130) . Once again, the advantage of HF particles is the ability to track their flavor content as they probe the medium. By measuring the modifications of the angular correlation functions between light-and heavy-flavor particles, one hopes to study how the nearly perfect QCD fluid emerges from quarks and gluons.
These 
How can heavy flavor probe the "inner workings" of QCD matter?
The understanding of the spectral and transport properties of heavy flavor is an important objective of heavy-ion collisions in its own right, but a core premise was the idea that HF particles can probe the medium, i.e., unravel spectral and transport properties of the bulk matter and contribute to understanding the microscopic mechanisms underlying them. Given the inherent scale dependence of QCD, one expects marked variations as the momentum of the probe is varied (note, however, that it is the momentum transfer from the probe to the medium that determines the resolution, much like in the Rutherford experiment; this means that even high-momentum probes can, in principle, still be sensitive to rather soft scatterings). Heavy quarks are an ideal tool for such an investigation due to their sensitivity to transport properties over the entire range of their momenta (light partons lose their sensitivity once they thermalize). In this section we discuss some of the ramifications that the insights from HF transport are yielding into the QGP medium. The discussion is organized into the long-wavelength properties probing the long-range forces and transport coefficients (Sec. 5.1), intermediate wavelengths probing hadronization and the transition from elastic to radiative interactions (Sec. 5.2), and short wavelengths probing energy loss (Sec. 5.3).
Long Wavelengths: Diffusion
The dimensionless scaled HQ diffusion coefficient, 2πT Ds, characterizes the (inverse) coupling strength of the QGP, e.g., Ds ∼ 1/(α 2 s T ) in pQCD, up to logarithmic corrections (17) . As such it is expected to carry universal information; also note that the HQ mass dependence is "divided out" in its relation to the thermalization rate, eq. (3), which is explicit in the perturbative calculation but has also been approximately found in nonperturbative calculations (134) (implying a universality of the spatial diffusion coefficient for charm and bottom ). After all, the microscopic interactions governing the transport of heavy flavor must also be operative in the transport of energy-momentum (encoded in viscosities) or electric charge (encoded in the conductivity), suggesting a proportionality of the pertinent dimensionless quantities Ds(2πT ) ∼ η/s ∼ σEM/T (18). The (double-) ratio of these quantities is expected to acquire different values depending on the nature of the medium; e.g., in a weakly coupled QGP, one finds Ds(2πT )/(η/4πs) 2.5, while for the strong-coupling limit in the gauge-gravity duality this ratio turns out to be one (135) . solid lines) and specific shear viscosity (η/s; dashed lines) computed in a self-consistent many-body theory in two scenarios for the in-medium color force (blue lines: weakly coupled potential close to the HQ free energy; red lines: strongly coupled potential, well above the free energy) (136) . Right: ratio of the dimensionless HQ diffusion coefficient to specific shear viscosity for a strongly (red line) and weakly (blue line) coupled scenario, compared to a weakly coupled perturbative calculation (dashed line) and to the strong-coupling limit in gauge-gravity duality (dotted line).
The current calculations and extractions of the HQ diffusion coefficient in the QGP require a large enhancement, by about an order of magnitude, over the baseline LO pQCD results (recall Fig. 3 ). While in practice this is implemented in different ways (K factor, running coupling in Born diagrams, or HQ potential within T -matrix), the generic feature is a long-range component of the force between the diffusing quark and the QGP. A natural candidate is the remnant of the confining force above Tpc. It is well established from lQCD computations that the would-be order parameter of confinement, the Polyakov loop, changes only rather gradually with temperature above Tpc (1, 137) . In the thermodynamic T -matrix approach, for example, remnants of the confining force are implemented via an in-medium Cornell potential constrained by lQCD data and turn out to be critical in generating small diffusion coefficient (74) . Within the same approach, the ratio of shear viscosity over entropy density has been calculated (136) , see the left panel of Fig. 6 . Two different input potentials representing a weakly-coupled scenario (WCS; close to the HQ free energy) and a strongly coupled one (SCS; closer to the internal energy), which both reproduce the lQCD equation of state, give rather different results for the HQ diffusion coefficient: Ds differs by a factor of ∼ 5 close to Tpc, while η/s only differs by up to factor of 2. Interestingly, the ratio of the two transport coefficients in the two scenarios suggests that the WCS and the SCS are close to the pertinent weak-and strong-coupling limits, respectively. Since the HQ diffusion coefficient in the WCS is clearly too large for URHIC phenomenology, one concludes that QCD matter near Tpc is indeed a strongly coupled system. This is further corroborated by inspecting the underlying light-parton spectral functions: for the WCS, they exhibit rather well-defined quasi-particle peaks with widths of about Γq = 0.1-0.2 GeV, while in the SCS quark and gluon widths of 0.5-1 GeV melt the low-momentum quasi-particle peaks near Tpc. However, at higher momenta and temperatures (138) well-defined quasi-particles reemerge. The latter is also encoded in the rise of the double ratio of the transport coefficients in the right panel of Fig. 6 .
Intermediate Wavelengths: Hadronization and Elastic vs. Radiative Interactions
As discussed in Sec. 2.1, the data for the D-meson RAA and v2 are suggestive for a transition from a collective to a kinetic regime of HF interactions in URHICs, for pT 5 → 10 GeV/c. If one can control the low-momentum (elastic) HQ interactions to a sufficient extent, one would obtain a quantitative handle to constrain the interplay of elastic and radiative interactions, in particular when also including B-meson observables. Even in the light-parton sector, elastic interactions may still play a significant role in the high-pT suppression of the single-inclusive hadron RAA (139), which is not easily disentangled from radiation.
Another context in which the intermediate-pT region is believed to contain valuable information is hadronization, specifically its modification in the environment of a QGP. As light quarks are no longer expected to be thermalized in this regime, their hadronization leaves more direct fingerprints on the produced hadron spectra and v2. Coalescence processes are widely believed to be at the origin of the constituent-quark number scaling (CQNS) of the v2 and the enhancement of p/π or Λ/K ratios observed at RHIC (88) . However, CQNS is not accurately satisfied at the LHC. Extensions of coalescence model calculations to low pT need to satisfy energy conservation to ensure a proper matching to the (thermal and chemical) equilibrium limits. Such approaches have been developed (140, 15) . Systematic investigations of HF hadro-chemistry from low to intermediate pT therefore provide an excellent opportunity to improve the understanding of hadronization processes of the QGP. Again, the large mass of charm and bottom quarks is a critical ingredient as to preserve the "identity" of the hadronizing quark (since pair production is strongly suppressed). From a microscopic perspective, hadronization processes involve confining interactions; at high pT , these are usually modelled by fragmenting strings or ropes. At low pT , however, the color-neutralizing interactions can occur with surrounding partons from the QGP, via a two-body scattering into (pre-) hadronic (or diquark) resonances. The natural candidate for this interaction is the linear ("string") term in the Cornell potential which gradually emerges as the temperature cools toward Tpc. This is implemented, e.g., in the TAMU model where remnants of the confining potential are essential to generate a small HQ diffusion coefficient in the QGP near Tpc. At the same time, this interaction leads to the formation of D-meson like resonances, which catalyze the hadronization process. The emerging confining force thus plays the dual role of generating a strongly coupling QGP and causing its hadronization (recall that lQCD computations of the so-called "interaction" measure, ( − 3P )/T 4 , find it to peak just above Tpc). In this sense, one can interpret the CQNS of the light-hadron v2 at intermediate pT as a manifestation of the strong coupling near Tpc.
Short Wavelengths: Energy Loss
The commonly used transport coefficient associated with high-energy partons traversing the QCD medium is the transverse broadening parameter,
It is directly related to the transverse-momentum diffusion coefficient, Dp, in the FokkerPlanck equation, and as such momentum dependent. Progressing from intermediate to high momenta, recombination effects in the hadronization process cease (as the probability to find comoving partons from the medium drops), and therefore a more pristine window on the energy loss mechanisms opens up. A mass dependence may survive to rather high pT , in terms of a different partition of radiative and collisional processes between light and heavy quarks, and differences in the coherence of the radiation. Both effects affect the magnitude and path length dependence of the energy loss and thus the measured RAA and v2. For heavy flavor, a good control over the dominantly collisional energy loss in the low-and intermediate-pT regime seems to be within reach. If so, one obtains a handle on deciphering the partitioning of radiative and collisional contributions at high pT , which would help to better understand the energy loss in the light-parton sector as well. Non-perturbative effects (such as remnants of the confining force) could still play a role in small-angle scattering (small Q 2 ) at high pT . On the other hand, large-angle scattering, a short-wavelength probe, has been suggested to resolve the color-charged quasi-particles in the QGP (130) . A new promising observable in this context is the angular diffusion of heavy flavor in a jet (133), taking advantage of the unique combination of a reference axis (the axis of energy flow, with a well defined angular distribution as measured in p+p) and HF tagging. In a recent EMMI task force report (68) , a comparison of radiative energy loss calculations indicated a close-to-linear path length dependence for bottom quarks in all approaches for pT up to at least 40 GeV/c. For charm quarks, more noticeable deviations set in for pT > ∼ 10 GeV/c, increasing with momentum. In addition, the magnitude of the energy loss in different perturbative implementations exhibits differences of several 10's of percent, even though the models are benchmarked against data, see also Ref. (116) . A recent analysis of the path length (L) dependence based on comparisons of large (Pb+Pb) and medium-size (Xe+Xe) collision systems found rather moderate deviations from a linear behavior, and a relatively weak flavor dependence, over a large range in pT (123) . Nevertheless, with increasing pT from ∼20 GeV/c on, a stronger-than-linear dependence becomes more pronounced first for light flavors before merging with charm and bottom near 100 GeV/c at a power of ∼L 1.4 .
Heavy-flavor production in small collision systems
The original goal of measuring open HF production in p/d+A collisions is to study "cold nuclear matter" (CNM) effects that include: (a) a modification of the nucleon parton distribution functions in nuclei which affects the primordial production of HF particles, i.e., their yields and spectra; (b) a nuclear broadening ("Cronin effect") or energy loss of the incoming partons when the nuclei penetrate each other, prior to the HF production process; (c) final-state interactions of produced heavy quarks in the nuclear medium of the passing-by remnants of the incoming nucleus A. In practice, the distinction of these effects is not straightforward, as, e.g., their factorization is not easily established. Nevertheless, quantifying the size of the CNM effects is important for the interpretation of the A+A data where these effects are, in principle, also present and thus should be separated from the "hot-medium" effects of the subsequently formed fireball. In the following we first discuss the phenomenology of CNM effects in p/d+A collisions (Sec. 6.1) and then address the issue of possible hot-medium effects in these systems from the HF perspective (Sec. 6.2).
Cold-nuclear-matter effects
Measurements of charm and bottom mesons and their HF decay leptons at RHIC and the LHC show that their modifications in minimum-bias (MB) p/d+A collisions at midrapidity are relatively small (141, 142, 143, 144) . At low pT the mid-rapidity RpA at the LHC appears to be slightly suppressed, consistent with expectations from nuclear shadowing (67) (although the uncertainties are still rather large), while at higher pT it is compatible with one. The charm-hadron and lepton RpA's or R dA 's show a larger suppression at forward rapidity (i.e., in the p or d going direction probing small Bjorken-x in the nucleus) at both RHIC and the LHC (101, 145, 146) , again compatible with nuclear shadowing, as well as gluon saturation models. The measurements of charm-and bottom-hadron and -jet RpA in various rapidity windows at the LHC can be reasonably well described by models with either initial-state modifications or final-state CNM energy loss, due to the currently large experimental uncertainties (143, 147, 148) . A cleaner access to nuclear PDFs (149, 150) may be obtained from recent high-precision data on electroweak bosons (151, 152, 153, 154) and dijets (155, 156) in p+Pb collisions, as well as charmonium production in ultra-peripheral collisions (UPCs) (157, 158) where the two incoming nuclei have no strong-interaction overlap. The improved constraints on nuclear PDFs from these reactions will aid in the interpretation of D-meson spectra in p+Pb collisions, and also have an impact on our understanding of HF spectra at low pT measured in URHICs as discussed in Sec. 2.
QCD factorization has been found to work well when comparing calculations to highpT light-flavor hadron and HF meson, as well as electroweak-boson and dijet data at the LHC, showing no significant modifications due to hadronization or final-state interactions in minimum-bias p/d+A collisions within current experimental uncertainties. On the other hand, enhancements in the electron R dA at intermediate pT were observed at RHIC (145) , posing a challenge to simultaneously describe the single-lepton R dA and D-meson data at RHIC. More precise measurements of charm and bottom hadron production in p/d+A collisions at both RHIC and the LHC are necessary to disentangle initial-and final-state effects (including hadronization) in RAA's at low pT . 
Challenges from high-multiplicity events in small-collision systems
The studies of CNM effects with p+p and p/d+A collisions usually assume that a QGP is not formed in these systems, i.e., that the hot-medium effects are negligible. However, while this may be a good approximation in MB events, it has been challenged by signatures of collective flow (both radial and elliptic) observed in light-flavor hadron spectra in highmultiplicity p+p (159), p+Pb (160, 161, 162, 163) and d+Au (164, 165) collisions. Yet, QGP is not the only explanation of these phenomena in small-collision systems. Initialstate parton correlations and multi-parton interactions rooted in the complex hadronic structure complicate the interpretation of p+p and p+A particle-correlation measurements. It has also been suggested that surface emission, with otherwise few rescatterings in the small collision systems, could generate a sizable v2 without QGP formation (166) . On the other hand, this escape mechanism was found to be less effective for charm quarks, which are therefore a better gauge of collectivity. Finally, an azimuthal asymmetry could be generated during initial scatterings of nuclear penetration, referred to as initial-state correlation model (167) , where correlations originate from color flux tubes of strong fields expanding in the longitudinal direction between two outgoing ions. Contrary to low-pT spectra, the measurements of charged-particle R dA 's in 0-20% d+Au collisions at (173) and HF leptons (174) in p+Pb collision were rather surprising. Substantial azimuthal-anisotropy signals have been observed in high multiplicity p+A events, almost as large as in the lightflavor sector, cf. Fig 7. The physical origin of the large flow signal in the HF flavor sector is not yet understood. To gain more insights about the underlying mechanisms, it is crucial to study possible energy loss or recombination effects on charm quarks by measuring charmhadron spectra in ultra-central p+p, p+A and d+A collisions. The momentum balance between isolated photons and charm mesons might reveal additional information on the presence of final-state interactions. Furthermore, the angular distributions of photon-tagged relative to jet-tagged charm mesons could provide information about the origin of the large v2 signal, by comparing the direction of the outgoing charm meson relative to an unmodified reference direction in p+p (photon-tagged) or to the direction of the dominant energy flow in the tagged jet.
Finally, intermediate-size systems, such as O+O, Ar+Ar or 3 He+A collisions, are of great interest to elaborate the transition of HF observables from small to large systems, by varying the strength of the collective flow in the bulk medium and path lengths of high energy heavy quarks (64) . Those collisions could be delivered in future runs at the LHC and RHIC, to search for the onset of jet quenching phenomena (thus far elusive in p+A collisions) while scrutinizing the development of the HF v2 relative to the bulk medium. 
Conclusions SUMMARY POINTS
1. Heavy-flavor particles , as a "conserved" probe of the medium created in heavyion collisions, reveal fundamental information on the transport properties and the underlying microscopic interactions of QCD matter, from low-momentum diffusion to high-momentum energy loss. 2. Experimental measurements of the nuclear modification factor and elliptic flow of D mesons at RHIC and the LHC have revealed a remarkably strong coupling of low-momentum charm to the collectively expanding fireball medium. Transport theoretical analyses of the data have constrained the heavy-quark diffusion coefficient in the QGP near Tpc at around 2-4 times its quantum lower bound, implying scattering rates in excess of 2-3/(fm/c) (or widths of 0.5 GeV or more). 
